Abstract: We outline the design for a photonic crystal resonator made in a hybrid Silicon/Lithium Niobate material system. Using the index contrast between silicon and lithium niobate, it is possible to guide and confine photonic resonances in a thin film of silicon bonded on top of lithium niobate. Quality factors greater than 10 6 at optical wavelength scale mode volumes are achievable. We show that patterning electrodes on such a system can yield an electro-optic coupling rate of 0.6 GHz/V (4 pm/V).
Introduction
Resonant silicon photonic devices, though capable of achieving very large quality factors with wavelength-scale mode volumes, suffer from the lack of large nonlinear optical (χ (2) ), piezoelectric, and electro-optic coefficients. This has led to recent research into other materials such as GaP, GaAs, and AlN which can outperform silicon in many respects [1] [2] [3] [4] . Nonetheless, the appeal of large-scale integration with silicon photonics (and its rapidly developing toolkit as well as several foundries) leads us to consider optically nonlinear materials that can be heterogeneously integrated with high quality silicon passive structures. Lithium niobate (LN) is a technologically important ferroelectric which has some of the largest nonlinear optical coefficients found in a bulk material, and can be obtained in ample quantity and high quality as a result of the demand from the telecommunications market. Unfortunately, it is far less amenable to microfabrication techniques than silicon, and processes such as dry etching high-quality wavelength scale optical structures are difficult and non-standard. Nonetheless, ion sliced thin films of LN have been developed in the last few years [5] [6] [7] [8] [9] to facilitate among other things nanophotonic fabrication, and more recently, high quality chip-scale optical resonators have been demonstrated in these materials [10] [11] [12] [13] [14] . In a recent work on mid-infrared modulators, thin-film silicon was wafer-bonded to LN [15] . Very recently, CMOS-compatible integration of SOI photonic waveguides with LN has also been demonstrated [16] . The major advantage of this method is the ease of integration with silicon photonics. Fabrication of the silicon device layer can be accomplished at a variety of different foundries, and the back-end processing involves only a single bonding and back-etch step.
A question we address in this work is whether it is possible to effectively confine light inside LN by only patterning a top bonded silicon layer. Effectiveness is this context is judged by confinement and optical resonator decay rate, and is encapsulated in the ratio of the quality factor to optical mode volume, Q/V . We design a device which shows record large Q/V in the Si/LN material system and theoretically outline its performance characteristics and possible applications.
We start by introducing the Silicon/Lithium Niobate (Si/LN) platform in Section 2, and by describing some of the fabrication flow involved. In Section 3 we introduce the design steps involved in generating a cavity on this platform. We calculate the expected electro-optic coupling coefficient obtained in Section 4.
Si/LN Platform Fabrication Flow
One promising platform which has recently been demonstrated is the so-called Si/LN platform. This material system consists of a thin layer of high quality crystalline silicon from an SOI wafer transferred onto a bulk LiNbO 3 wafer and is described in detail in [15] . The fabrication steps that we pursue for this process are shown in Fig. 1 and outlined below.
First, the silicon top layer is patterned using either e-beam or DUV lithography and dry etching. This process is CMOS compatible and can be done at a foundry, though the highest quality factor photonic resonators are typically fabricated with e-beam lithography and optimized etches. The SOI wafer and the LN wafer are then bonded together using a room-temperature direct bonding process (as described, eg. in [17, 18] ). A key limitation in the bonding process is the large thermal expansion coefficient mismatch between Si and LN (2.6 × 10 −6 K −1 for Si compared to 15.7 × 10 −6 K −1 for LN along the x and y axes [19] ), which limits the temperature at which the bonding process can occur. The need for a high temperature step is averted by using an O 2 or Ar plasma treatment to activate the surface. This treatment introduces damage to the surface and creates dangling bonds, resulting in hydrophilic surfaces with a high surface energy [17] . After surface activation a strong bond can be achieved by applying only a minimal amount of pressure. The bulk Si can be removed using a combination of mechanical lapping and either a wet chemical etch or a dry plasma etch. The exposed SiO 2 can then be removed using a simple HF dip. It should be stressed that a key advantage of this platform is that it avoids the need to etch the LN. Figure 1(a) shows an example 1D photonic crystal, fabricated in SOI using e-beam lithography and silicon etching, after being bonded to LN. shows the fabrication steps for creating Si/LN platform. First, the crystalline Si device layer can be patterned using standard electron beam lithography techniques and silicon etching. The second step is room temperature bonding of the SOI wafer to the LN substrate, enabled by a surface-activating plasma treatment. Finally, the Si backside is removed (using a combination of mechanical polishing and wet or dry etching), followed by an HF dip to remove the oxide layer.
It should be mentioned that it is also possible to pattern the Si device layer after bonding the two wafers together and removing the SOI backside, which is the method used in [15] . The main advantage of patterning the Si device layer before bonding is that it allows us to use silicon photonics processes (eg. etch tools) without the danger of contaminating sensitive CMOS silicon processing tools with lithium (or niobium). In fact, groups without access to lithography or silicon etching can simply bond foundry-fabricated silicon photonics devices onto LN. It is also worth noting that instead of bulk LN wafers, so-called "lithium-niobate-oninsulator" wafers which have a thin LN film can also be used without significantly changing the fabrication flow (as in [16] ).
Cavity Design and Simulation
Photonic crystal resonators in quasi-1D and 2D systems are implemented by fabricating a periodic array of holes into an optically thin beam or slab. The periodic variation of the dielectric constant leads to a photonic bandgap for index-confined waves, which can then be used to confine light in all dimensions through the introduction of a defect. In silicon, quality factors on the order of 10 6 and approaching 10 7 have been demonstrated for both 1D and 2D structures of this type [20] [21] [22] .
We follow a popular recipe for the creation of a high-Q localized mode in a photonic crystal slab [23, 24] . Firstly, we design a one-dimensional unit cell that has a photonic band gap at the resonant frequency of interest. This will form the "mirror regions" surrounding the cavity. Secondly, a central defect is introduced between the two mirror regions. This defect is generated by modifying the properties of the unit cell so that it supports modes with frequencies within the mirror region bandgap. The defect is introduced as "smoothly" as possible to prevent scattering of light into radiation modes, while also allowing for tight confinement of the light. Such cavities have been designed for a variety of suspended membrane materials such as sili- [24] . In our case, since the silicon is surrounded on one side by air and on the other by LN, which has a fairly high index of n ≈ 2.2, care must be taken to ensure that the nanobeam modes that would be bound for a beam in air or on glass do not leak into the LN substrate.
Several considerations go into designing the unit cell. In comparison to suspended silicon photonic crystals, the presence of the LN substrate causes a red-shift of the Bloch-waves which can be countered by reducing the lattice spacing. The presence of the LN also raises the lower limit of how small the effective index can be, since the nearby medium (LN) has an index of approximately 2.2. This leads to a higher filling factor of silicon in the photonic structure or, equivalently, smaller holes. Finally, an important practical constraint on the unit cell geometry is that it should be fabricable using standard e-beam lithography techniques and extendable to DUV photolighography for foundry processes. We therefore adopted a minimum feature size of 75 nm as a design rule. Given the constraints described above, the mirror region unit cell shown in Fig. 2(a) is designed to strike a balance between confining the light within the photonic crystal resonator while simultaneously having sufficient overlap with the LN substrate to take advantage of LN's nonlinear and electro-optic properties. The X-point dielectric mode for the unit cell is shown in Fig. 2(b) , with the electric field y-component shown in a color scale. For this unit cell, approximately 15% of the electromagnetic energy is contained in the LN. The TE-like dielectric band for this nominal unit cell is shown as the red curve in Fig. 2(c) . Notice that for this design, the TE-like air band as well as all TM-like modes are above the LN light line, and are therefore excluded from the diagram. From here, we move to designing the defect region. For nanobeam resonators, a defect with a quadratic profile has been shown to produce optical modes with smooth, Gaussian envelopes, resulting in low radiation losses and high quality factors [27] [28] [29] . We use a quadratic defect in which the hole lattice spacing is reduced by 10%, while the size and shape of the elliptical holes are kept fixed. The shift in the TE dielectric band due to this 10% reduction is shown in Fig.  2(c) (blue) . Cavities based on other types of defects (eg. varying the hole dimensions or beam width) are also possible. A typical beam design simulated in this paper included 39 defect holes in the center of the beam, surrounded on either side by mirror regions containing 20 unit cells each. The hole spacing along the length of this nanobeam is shown in Fig. 3(a) .
In order to judge the effectiveness of the cavity design, the optical modes of the structure were calculated using an electromagnetic finite-element solver (COMSOL). There are several different sources of loss for photonic crystal resonators, such as material absorption, scattering due to fabrication defects, as well as the leakage into radiation modes due to spatial confinement of the resonance. In our simulations, we neglected the first two loss mechanisms (which typically set an upper bound on the measured Q > 5 × 10 6 ), and considered only the third, which is set fundamentally by the geometry and Maxwell's equations. The radiation Q factor, Q rad , was determined by surrounding the simulation space with an absorbing layer so that far-field radiated light results in an imaginary eigenfrequency component.
One of the key ways to reduce radiation losses is to ensure that the transition from the mirror region to cavity defect occurs smoothly [20] . In the case of a quadratic defect with a fixed "depth", the defect becomes more adiabatic as the number of unit cells in the defect region is increased. Figure 4 shows the trend of increasing Q rad as the number of defect unit cells is increased. At a defect size of 39 unit cells, the simulated Q rad exceeds 14 million. The mode volume, important for understanding the quantum operation of the device, is also shown in Fig. 4 . As the defect size increases, the mode volume increases roughly linearly, up to about 1.5 (λ /n Si ) 3 . Here we use the standard definition of mode volume:
[30]. The error bars in Fig. 4 are approximate and were established by varying the size of the simulation space and progressively refining the mesh used in the finite-element calculation. For the last data point (39 defect unit cells) the estimate of the Q rad is limited by the computational size and mesh density rather than the cavity geometry. As such, the value of 14 million for the ultimate Q rad should be taken as a lower bound. The material parameters used for all simulations in this paper are summarized in Table 1 . It should be noted that the fraction of electromagnetic energy in the LN decreased modestly as the number of defect holes was increased, from 17% at 9 defect holes to 13% at 39 defect holes. This is due to a change in the overall silicon filling fraction seen by the optical mode.
Electro-optic Coupling
One of the key applications for photonic devices based on an LN platform is electro-optic modulation [15, [35] [36] [37] . For a photonic crystal type cavity, electro-optic modulation can be achieved by fabricating electrodes near the cavity optical mode. Applying a potential difference results in an electric field through the LN, which in turn causes a frequency shift of the optical mode via the electro-optic effect in LN.
To judge the effectiveness of our nanobeam cavity design for electro-optic applications, we performed combined electromagnetic simulations to find the electro-optic coupling rate between the optical modes of a nanobeam defect unit cell and the DC to mmWave electric field generated by the electrodes. In our simulation, we apply a fixed voltage V app between the two electrodes and calculate the resulting applied electric field E app . This applied electric field in turn leads to an index perturbation ∆ε in the LN. In LN the dielectric tensor is diagonal and the largest electro-optic coefficients are r 33 and r 13 , so ∆ε has three major components given by
and
where n o (n e ) is the ordinary (extraordinary) refractive index. Notice that here we have taken the LN extraordinary crystal axis (often referred to as Z+) to lie along the y-axis of our simulation. From first-order perturbation theory (see eg.
[38]), the frequency shift generated by an index perturbation ∆ε is given by
where ω 0 is the original resonance frequency, E 0 = (E 0x , E 0y , E 0z ) is the electric field of the unperturbed optical mode, and the top integral is taken over the LN substrate region. Finally, from this we can calculate the electro-optic coupling rate as
Figure 5(a) shows a cross-section of the nanobeam (cut along a dielectric segment), illustrating the overlap between the optical mode and the applied electric field from the electrodes. Due to the high dielectric permittivity of LN at low frequencies, the applied electric field is almost completely confined to the LN substrate, increasing the overlap.
A key design parameter in such an electro-optic photonic device is the distance between the metal electrodes and the optical cavity. Bringing the electrodes closer to the cavity results in a stronger electro-optic interaction per volt, but runs the risk of reducing the cavity Q factor due to absorption. We define a loss parameter, Q metal , to be the Q due only to absorption losses in the metal electrodes. For the simulations, we assumed the electrodes were aluminum (see Table  1 ). As the electrodes are moved farther from the nanobeam, the amount of field penetrating into the electrode region falls off exponentially, causing the Q metal (blue curve, left axis) to increase dramatically. However, the electro-optic coupling rate g V /2π (red curve, right axis) also decreases as the spacing is increased, suggesting an optimal spacing that balances this trade-off. It should be stressed that the Q metal reported here represents an approximate upperbound on the real Q factor which would include the radiation losses as well fabrication-induced and absorption losses.
A good design choice would be to choose an electrode distance where Q metal is one or two orders of magnitude larger than the expected cavity quality factor. For example, if we expect a fabrication-limited Q of about 10 6 , then we can choose an electrode distance of 0.6 µm (which has a simulated Q metal = 3.7 × 10 7 ), and for this device we achieve a coupling rate of 0.59 GHz/V (4.3 pm/V). A more complete investigation of electro-optic modulation at GHz frequencies requires an analysis of the details of the driving circuit and will be studied in a future work.
Conclusions
In summary, we have proposed a new way of confining light in wavelength-scale optical resonators on a hybrid Silicon/Lithium Niobate system. By using a thin-film bonded silicon top layer, we leverage many of the techniques of silicon photonics processing to design a cavity on LN. We expect resonators of this type to have a wide range of applications, including achieving large coupling to isolated rare-earth ions (Er 3+ :LiNbO 3 ) at telecom frequencies [39, 40] , ultra-sensitive acousto-and electro-optic modulation, and achieving large three-wave mixing in resonant silicon devices.
